Introduction {#S0001}
============

The Medical Research Council defines neurodegenerative diseases as "incurable conditions in which nerve cells gradually degenerate or die".[@CIT0001] Dementias are a group of neurodegenerative diseases characterized by symptoms including memory loss and difficulties in thinking, problem-solving, or language. In the UK, dementia affects around 850,000 individuals, with an average economic impact of £26 billion a year. This figure is forecast to reach \>1 million by 2025 and \>2 million by 2051.[@CIT0001] Dementia commonly affects the elderly. In the UK, \>7% of persons aged \>65 years have dementia.[@CIT0001] Worldwide, 50 million patients have dementia, with a global economic burden of US\$818 billion, which is estimated to triple by 2050.[@CIT0002] Therefore, dementia has been highlighted as a growing global health problem that needs to be tackled.

Alzheimer's disease (AD) accounts for 60%--70% of all dementia cases.[@CIT0003] It is a multifactorial disease caused by both genetic and environmental factors that contribute to and accelerate the progression of the disease. Less than 5% of all AD cases are due to genetic mutations giving rise to early-onset familial AD. The vast majority of AD cases are sporadic, and there is no defined cause; however, risk factors include aging, chronic inflammation, cerebrovascular disease, diabetes mellitus, and stroke. In particular, cerebral hypoxia has been strongly associated with increased risk of developing AD. Hypoxia, the lack of oxygen, is one detrimental aspect of ischemia. This is when tissue is underperfused with blood, and in the brain this can cause hypoxia, impaired delivery of metabolic fuels, and accumulation of metabolites in the brain parenchyma. As such, it is difficult to conclude from studies involving stroke patients or ischemic animal models whether the results are solely due to hypoxia or other downstream effects of ischemia. One longitudinal study found the incidence of dementia increased by approximately sixfold in ischemic stroke patients when compared to controls.[@CIT0002] Furthermore, they showed that in the ischemic stroke patient group, those that suffered other comorbidities that cause cerebral hypoxia had an even higher incidence of AD. Studies showing this have driven research in recent decades into the molecular and cellular links between hypoxia and AD. Here, we review prevailing well-documented links between hypoxia (both ischemia-dependent and -independent) and AD, such as amyloid-β (Aβ) accumulation and calcium-homeostasis dysregulation, and also review the effects of hypoxia on neuroinflammation and its relationship to AD, a link that has not been adequately reviewed in the literature.

Aβ accumulation {#S0002}
===============

In 1907, Aloid Alzheimer produced the first case report of a patient suffering psychiatric illness associated with specific histomorphological changes, such as amyloid plaques (APs) and neurofibrillary tangles (NFTs), which are now widely accepted as the key pathological hallmarks of AD.[@CIT0003] From these hallmarks, two main hypotheses regarding the initial pathological trigger of AD were considered and are discussed herein: the amyloid-cascade hypothesis (ACH) and the tau hypothesis.

It was the identification of the Aβ protein in APs alongside the identification of genetic mutations in APP in sufferers of early-onset familial dementia that resulted in the ACH.[@CIT0004] According to this hypothesis, the deposition and accumulation of Aβ monomers into toxic oligomers is the initial pathological trigger of the disease, which subsequently leads to the formation of NFTs, neuronal cell death, and dementia. This hypothesis has continued to gain support for 25 years. An important breakthrough in the theory was the identification of genetic mutations in subunits of an enzyme (PS1 and PS2 in the y-secretase enzyme) that alter APP processing to promote Aβ formation in suffers of early-onset AD.

The tau hypothesis has also been proposed to explain the initial pathological trigger of AD. Tau proteins bind to and stabilize microtubules and are abundant in neurons of the central nervous system (CNS). The tau hypothesis states that excessive or abnormal phosphorylation of tau results in its transformation into paired helical filaments and NFTs, leading to neuronal death and dementia. This hypothesis is supported by the fact that mutations in the tau gene have been linked to frontotemporal dementia;[@CIT0005] however, mutations in tau have not yet been directly linked to AD.

Although there is evidence for both hypotheses in the initiation of AD pathology, since a mutation in tau gives rise to NFTs but not APs, yet mutations in APP, PS1, or PS2 give rise to both APs and NFTs suggests that Aβ deposition and accumulation occurs upstream of tau phosphorylation.[@CIT0006] Therefore, here we focus on the ACH of Aβ accumulation being the initial pathological trigger of AD.

Hypoxia drives Aβ accumulation {#S0003}
==============================

Hypoxia modulates APP metabolism, leading to increased formation of Aβ via the amyloidogenic pathway. Time-dependent hypoxic upregulation of APP has been well documented at both the mRNA[@CIT0007] and protein level, following 10--180 mins of ischemia.[@CIT0008] In 1997, Mattson et al proposed that this may act as a defense mechanism in an attempt to increase levels of neuroprotective soluble APPα.[@CIT0009] However, in many cases the increased APP fuels increased levels of Aβ, not soluble APPα.[@CIT0007],[@CIT0008] This is most likely due to hypoxia favoring APP metabolism via the amyloidogenic pathway.

Chronic hypoxia decreases protein levels of ADAM10, a putative α-secretase, which thereby decreases APP cleavage via the nonamyloidogenic pathway.[@CIT0010] This may be a posttranslation effect, as studies have shown that hypoxia decreases the mature form of ADAM10 and increases the immature form, consequently reducing α-secretase processing of APP.[@CIT0011] However, ADAM17, a related sheddase that also processes APP and TNFα, shows decreased gene-expression levels following 3 days of chronic hypoxia.[@CIT0012]

In addition, studies have shown that chronic hypoxia increases expression of β-secretase (BACE1), which promotes the amyloidogenic pathway.[@CIT0013] This occurs in both in vitro (cell lines kept at 8% oxygen for 16 hours a day for 1 month) and in animal-stroke models.[@CIT0014] The discovery of hypoxic-response elements in the promoter of BACE1, where the transcriptional factor HIF1α can bind during hypoxia (while it is degraded under normal conditions), alongside the discovery that HIF1α-deficient mice reduce BACE1 expression, pointing to HIF1α as the key mediator of hypoxic induction of BACE1.[@CIT0013] As well as hypoxic stabilization of HIF1α, HIF1α is also upregulated by Aβ.[@CIT0013] Therefore, this introduces a positive-feedback loop, leading to increasing BACE1 levels and other HIF1-induced genes that increase Aβ production, such as (*APH1*, one component of the γ-secretase complex involved in proteolysis.

γ-Secretase is a complex of presenilin (PS), PEN2, APH1, and Nct. Hypoxia has been shown to increase expression of some of these subunits of γ-secretase. For example, hypoxia-mediated increase in the expression of the APH1 subunit may be due to binding of HIF1α at the hypoxic response--element motif at the promoter region of the *APH1* gene.[@CIT0015] Moreover, hypoxia-mediated increases in PS1 levels have been reported at both the mRNA and protein level[@CIT0016] and in both in vitro and in ischemic animal models.[@CIT0014] Evidence has shown that this upregulation, and the upregulation of PEN2 and NC2, may relate to an epigenetic modification.[@CIT0017] Liu et al showed that chronic hypoxia decreased expression of DNMT3β, which led to demethylation in the CpG site PEN2 and the Nct and PS1 gene promoters. This led to transcriptional activation, resulting in increased PEN2, Nct, and PS1 protein levels, thereby increasing γ-secretase activity. From these results, the group further hypothesized that hypoxia-mediated DNMT inhibition could be a possible mechanistic explanation for increased levels of APP and both β-secretase and γ-secretase.

Hypoxia reduces expression of enzymes that break down Aβ, in particular the metalloprotease neprilysin (NEP).[@CIT0018] In one study, these cells were incubated for 24 hours in \<1% oxygen. This may be due to hypoxic upregulation of the GPa histone methyltransferase and HDAC1 through experimental inhibition of HDAC1 by valproic acid, causing decreased Aβ~42~ deposition in mice.[@CIT0019] Another mechanism involves hypoxic induction of caspases. The APP intracellular domain (AICD), a product of the amyloidogenic pathway, has been shown to bind to the promoter and activate transcription of the *NEP* gene. This may act as a protective mechanism to reduce the effects of neurotoxic Aβ. However, AICD is also a substrate of caspases, and so hypoxic induction of caspases may lead to increased cleavage of AICD, thereby reducing NEP levels.[@CIT0018] Also, caspase 3 has also been shown to cleave PS1/2, thus altering the cleavage activity of γ-secretase. Therefore, an alternative mechanism is that γ-secretase cleavage of APP leads to the formation of a C-terminal fragment of APP, which (unlike AICD) is incapable of translocating to the nucleus and/or regulating the transcription of NEP.[@CIT0018] The mechanism may also apply to another enzyme that breaks down Aβ, TTR, since there is evidence that TTR is both AICD-regulated and responsive to hypoxia.[@CIT0018]

Aβ accumulation and hypoxia cause dysregulation of Ca^2+^ homeostasis {#S0004}
=====================================================================

Neuronal death and loss of synaptic integrity in particular areas of the brain lead to the pathology seen in AD.[@CIT0020] As previously discussed, Aβ accumulation is widely considered the initial pathological trigger of AD; however, the process by which it leads to neuronal death is not fully understood. Many papers have suggested a role of dysregulation of calcium homeostasis. This "calcium hypothesis of AD" was proposed after observation of calcium-signaling dysregulation in animal models of familial AD and postmortem studies of sporadic AD.[@CIT0021] Calcium is an important intracellular ion that regulates many physiological processes in neurons, such as neurotransmitter release, second-messenger signaling, and neuronal excitability. There is an overall inward electrochemical gradient for calcium entry after plasma-membrane calcium-channel opening, but in healthy neurons this intracellular calcium increase is quickly restored to homeostatic levels, due to efflux pumps (specifically the sodium--calcium exchanger) and buffering by the endoplasmic reticulum (ER) and mitochondria. However, high levels of intracellular calcium can trigger cell death (neurotoxicity), due to dysregulation of calcium homeostasis. This mechanism is complex, but one important aspect is mitochondrial calcium overload, leading to leakage of mitochondrial membranes. This increased mitochondrial permeability causes release of reactive oxygen species (ROS) and proapoptotic proteins (such as cytochrome C), which ultimately results in caspase activation and apoptosis.

Aβ accumulation has been linked to calcium overload in neuronal cells. One mechanism for this is Aβ forming calcium-conducting pores in the plasma membrane, leading to calcium influx.[@CIT0022] A second mechanism involves Aβ impairment of NMDA receptors (glutamate-sensitive calcium-permeable channels) via induction of membrane-lipid peroxidation.[@CIT0023] Moreover, Aβ accumulation has not only been linked to calcium-homeostasis dysfunction but also to mediators of apoptosis downstream of the calcium dysfunction. For example, Aβ accumulation has been linked to neuronal cell death via its ability to 1) induce mitochondrial dysfunction,[@CIT0024] 2) increase oxidative stress, thus leading to ROS-mediated activation of ASK1, which activates JNK and triggers apoptosis,[@CIT0025] and 3) induce caspase 2 activity.[@CIT0026]

Furthermore, astrocyte calcium dyshomeostasis has been linked to neuronal cell death.[@CIT0027] Astrocytes are glial cells found in the CNS, and one of its functions, among many, is to provide support to local neuronal cells.[@CIT0028] Some of these support mechanisms include supplying neurons with antioxidant glutathione (thus reducing neuronal ROS formation) and removal of excess extracellular glutamate. Dysregulation of calcium homeostasis in these astrocytes has been reported to impair this support function, thus leading to increased ROS production and glutamate signaling, events that can ultimately result in neuronal cell death. Aβ has been shown to disrupt calcium homeostasis in astrocytes via formation of calcium-conducting pores.[@CIT0027]

Hypoxia can lead to calcium-homeostasis dysregulation through promoting Aβ accumulation. This was initially shown in PC12 cells,[@CIT0029] where cells were exposed to 5% oxygen for 24 hours before experimentation. It was later reproduced in primary cultures of central neurons exposed to 2.5% oxygen for 24 hours,[@CIT0030] where hypoxia led to increased intracellular calcium concentrations by upregulation of L-type calcium channels, an effect that was reproduced upon application of exogenous Aβ accumulation under normoxic conditions. Addition of inhibitors of β- or γ-secretase prevented this hypoxic augmentation of calcium currents, thus demonstrating that this effect of hypoxia was dependent on the presence of Aβ.[@CIT0029],[@CIT0030] This ability of Aβ to alter trafficking of the channel may relate to the ability of Aβ to interact closely with the α-subunit of the L-type channel.[@CIT0031]

Hypoxia is also able to result in calcium dyshomeostasis in neurons independently of Aβ accumulation by acting on astrocyte physiology. Cells lines maintained with 1% oxygen for 24 hours led to suppression of glutamate-uptake transporters found on astrocytes,[@CIT0032] which results in increased glutamate in extracellular fluid and excitotoxic neuronal death. The mechanism for this neuronal death was originally believed to be increased influx of sodium and chloride ions through glutamate-sensitive AMPA receptors, leading to water entry and swelling of the neurons.[@CIT0033] However, this swelling was usually reversible, and an alternative mechanism for delayed cell death may be extracellular glutamate acting directly via NMDA and AMPA receptors or indirectly via metabotropic glutamate receptors to increase calcium influx into neurons.[@CIT0033]

Furthermore, hypoxia has also been shown to dysregulate calcium homeostasis directly in astrocytes (which in turn leads to neuronal death), once again independently of Aβ accumulation. In addition, intracellular calcium levels after addition of bradykinin (an agonist of the BK~2~ G-protein-coupled receptor that mobilizes calcium from the ER) was augmented in hypoxic astrocytes.[@CIT0034] The mechanism proposed was that hypoxia led to hyperpolarization of the mitochondria, increasing the mitochondria's calcium-storage capacity through increased buffering. This led to calcium overload in mitochondria, which had two important consequences, both of which resulted in reduced clearance of intracellular calcium after agonist induction: 1) the mitochondria had reached its maximum calcium-storage capacity and hence could not buffer any further calcium released by the ER, and 2) this mitochondrial calcium overload by an unknown mechanism led to inhibition of the sodium--calcium exchanger. This calcium dysregulation is worsened as subsequent calcium influx stimulated by agonist-induced calcium-store depletion (capacitive calcium entry) is augmented in hypoxic astrocytes.[@CIT0035] A similar effect of chronic hypoxic augmentation of agonist-induced calcium release has also been reported in neuroblastoma cells cultured at 2.5% oxygen for 24 hours before experimentation; however, in these cells hypoxia resulted in suppression of the capacitive calcium entry,[@CIT0036] perhaps because calcium signaling was studied in human neurons and recombinant expression systems, as opposed to astrocytes of transgenic rats.

Hypoxia, neuroinflammation, and AD {#S0005}
==================================

Neuroinflammation is a key consequence of cerebral hypoxia, and has also been linked to AD pathogenesis. Here, we discuss evidence that cerebral hypoxia can lead to chronic activation and recruitment of proinflammatory immune cells, with particular focus on microglia. This drives production of various mediators/modulators of neuroinflammation, in turn promoting AD pathogenesis. This link between hypoxia, neuroinflammation, and AD has not been adequately reviewed in the literature. This section highlights and organizes critical research evidence for similarities in terms of the substances mediating/modulating the neuroinflammatory environment and the immune cells that drive the formation of these substances.

Inflammation is a localized response by immune cells to tissue injury. Peripheral inflammation has been a well-known process for many centuries, with the first documented description of inflammation as "calor, dolor, rubor, and tumor" by the encyclopedist Celsus in the first century AD. Different cell types are involved in the peripheral inflammatory response: local immune cells (eg, neutrophils) residing at the damaged tissue or immediately entering from the bloodstream give the innate immunoresponse, while other cells (eg, macrophages, T cells, B cells) that reside distant from the damaged tissue (eg, lymph nodes) or show delayed entry from the blood into the damaged tissue give an adaptive immunoresponse. Neuroinflammation is generally characterized by the response of local immune glial cells to damaged tissue, and hence is an innate immunoresponse.

Furthermore, peripheral inflammation can be described as either "acute" or "chronic". Although the term "acute neuroinflammation" has been presented, this reflects a subtler immunoresponse to limited neuronal insults (such as loss of neuronal efferent or afferents), where the beneficial evolutionarily programmed reparative effects of microglia and astrocytes are fulfilled. Instead, "neuroinflammation" has generally been described as being only a "chronic" process involving sustained cycles of injury and response, whereby chronic immune glial cell (microglial/astrocyte) activation leads to destructive effects. Therefore, here we use the term "neuroinflammation" to refer to "chronic, CNS-specific, inflammation-like glial responses that do not reproduce the classic characteristics of inflammation in the periphery, but may engender neurodegenerative events".[@CIT0037]

Microglia are the resident macrophages of the CNS, and are the most studied and arguably the most important immune cell mediating neuroinflammation. In a healthy brain, they have a ramified morphology with long, mobile processes that survey the local microenvironment.[@CIT0038] However, upon activation they adopt an amoeboid morphology, allowing them to migrate to the site of the lesion. They are rapidly activated by various pathological triggers, such as protein aggregates (eg, Aβ), cellular debris, pathogenic stimuli, and other factors, such as hypoxia. Recognition of these pathological triggers occur via activation of surface pattern--recognition receptors that bind pathogen-associated molecular patterns and danger-associated molecular patterns. Upon binding, various intracellular signaling cascades are activated, leading to an array of responses involving the production of cytokines/chemokines, acute-phase proteins, and ROS. Evolutionarily, these responses have been programmed to be beneficial by restoring tissue homeostasis; however, in some circumstances, such as chronic activation, the microglial responses are maladaptive (neuroinflammation), resulting in neuronal cell damage and death.[@CIT0039]

However, microglial activation is not considered a univalent state: instead, differences in the nature, duration, and strength of the stimulus give rise to different responses.[@CIT0040] Moreover, it has also been shown that there is a diversity of microglia, which gives rise to a variety of responses in the presence of the same stimulus. These different microglial phenotypes have not fully been defined, but may be similar to the key macrophage phenotypes: "proinflammatory" M1 and "anti-inflammatory" M2 cells.[@CIT0041] To determine whether a similar phenotype of microglia is activated in both AD and hypoxic brains, it is important to compare whether the substances produced by these microglia are similar in both cases.

Histological analysis of slices of human AD brains has identified increased levels of morphologically activated microglia. These have been identified in both the white and gray matter, with gray-matter microglia being closely associated with compact plaques containing Aβ.[@CIT0042] In fact, ultrastructural analysis has shown that long processes extending from the microglia surround the Aβ within the compact plaques, suggesting that Aβ itself may play a role in activation of the microglia.[@CIT0042] This observation has also been demonstrated in ultrastructural analysis of transgenic mouse models.[@CIT0042] More recently, it was shown that Toll-like receptors (TLRs; a subtype of pattern-recognition receptors on the surface of the microglia) 2, 4, 6, and 9, alongside CD14 (a coreceptor for TLRs), interact functionally with other microglial surface receptors (such as α~6~β~1~ integrin, CD47, CD36, and SCARA1) to bind soluble oligomeric and fibrillar Aβ in plaques and activate intracellular signalling.[@CIT0039],[@CIT0041] It is this intracellular signaling that leads to changes in the morphology of the microglia, and more importantly in the release of various proinflammatory substances that make up the neuroinflammatory environment.

However, it has also been shown that activation of microglia can occur independently of Aβ, and so may be an early component of the disease process. Hayes et al found that microglial load (estimated by analysis of ferritin-immunostained sections of frontal cortex) was unrelated to the age of onset or duration of the disease and did not correlate with Aβ~40/42~ load.[@CIT0043] Although they found microglial load did correlate with pathological tau levels, the presence of microglial cells precedes the development of pathological tau, and hence the group speculated that the release of proinflammatory molecules from activated microglia may be an initial contributing factor to neurodegeneration. Hayes et al's proposal was substantiated by positron-emission tomography imaging, which demonstrated amyloid deposition and microglial activation in patients with mild cognitive impairment (an early symptom of AD) could occur independently of each other.[@CIT0044] These findings suggest that the neuroinflammation resulting from microglial activation may be a similar pathological trigger of AD to Aβ accumulation. Therefore, to identify risk factors underlying sporadic AD, it would be of interest to look at the causes of neuroinflammation, one of which we focus on here --- hypoxia.

Activated microglia have been observed in focal and global ischemic animal-brain models and also in human studies.[@CIT0045] Liu et al induced global ischemia for 2.5 or 5 minutes in gerbil brains, and observed a time-dependent increase in levels of 5-bromo-2ʹ-deoxyuridine-5′ (BrdU)-labeled cells (BrdU is able to intercalate into DNA, so is used as a marker for cell proliferation) in the striatum and neocortex. These brdU-labeled cells were mostly identified as activated microglia. Furthermore, Zhang et al showed in focal ischemic rat models that although microglia were absent from the focal ischemic area, there was evidence of amoeboid-shaped cells (activated microglia) in the surrounding areas that contained shrunken neurons.[@CIT0046] These results were also reflected in human studies: Gerhard et al used more advanced technology to measure increased binding of ^11^C PK1195 (a ligand that binds at the peripheral benzodiazepine-binding site found on activated microglia) in infarcted areas of stroke patients.[@CIT0047]

Astrocytes are also important components of the neuroinflammatory response. Postmortem human tissue from AD patients has shown activated, hypertrophic astrocytes close to senile plaques, and this has also been confirmed in animal models of AD.[@CIT0039] This "astrogliosis" is characterized by increased production of GFAP, a protein whose levels also increase after ischemia. In both cases, this astrogliosis is generally described as a proinflammatory maladaptive response.

Blood leukocytes have also been characterized in ischemic brains. After a stroke, increased expression of adhesion molecules on endothelial cells promotes diapedesis of neutrophils, which are then attracted to the ischemic area via chemokines. After neutrophil invasion, monocytes also migrate into ischemic tissue, with peak migration 3--7 days after onset of ischemia. These monocytes then become macrophages and display very similar morphology to activated microglia, thus making them difficult to distinguish. Therefore, the previous experiments describing activated microglia in hypoxic brains may be referring to macrophages. These neutrophils and macrophages have a phagocytic role, but also release substances (similar to astrocytes and microglia) that promote neuroinflammation.[@CIT0048]

The role of blood leukocytes in AD-associated neuroinflammation is not known. Animal studies have shown infiltration of blood leukocytes in mice with APs.[@CIT0049] However, in many of these studies, the animals were irradiated to trace blood mononuclear cells and bone-marrow cells. This irradiation may lead to disruption of the blood--brain barrier, which may cause leukocyte infiltration. Further similar experiments where the brain was not irradiated failed to show infiltration of peripheral leukocytes.[@CIT0039] This possible difference in contribution of peripheral leukocytes in neuroinflammation in hypoxic and AD brains can be reconciled by demonstrating similarities in the substances produced by immune cells in both cases.

The neuroinflammatory environment {#S0006}
=================================

We have discussed immune cells that drive neuroinflammation being activated in both ischemic and AD brains. To strengthen the link further among AD, hypoxia, and neuroinflammation, it is important to show that the factors released by these immune cells (ie, the mediators and modulators of neuroinflammation) are similar in hypoxic (ischemia-dependent or -independent) and AD brains. These factors are able to promote AD pathogenesis.

Cytokines {#S0007}
=========

Cytokines are a family of proteins produced in largest quantities by immune cells that act on other cells in either a proinflammatory or anti-inflammatory manner. There have been similar reports of several cytokines in both ischemic and AD brains, as hypoxia increases their release from immune cells in an ischemic-dependent[@CIT0050] and -independent[@CIT0051] manner.

In ischemic animal models,IL1β levels show a biphasic release pattern: an immediate peak 1 hour after reperfusion, due to release from activated microglia, and a later peak, due to release from blood-derived monocytes.[@CIT0052] Also, quantitative assays have shown overexpression of IL1β in AD brains, an event that occurs early during plaque development.[@CIT0048] IL1β has been suggested to contribute to the pathogenesis seen in AD in several ways: promotion of amyloidogenic processing and synthesis of APP, activation of microglia and astrocytes, thus increasing production of further proinflammatory substances, and stimulation of calcium influx into neurons, leading to excitotoxic cell death.[@CIT0048]

TNFα shows a biphasic release pattern in ischemic mouse models similar to IL1β.[@CIT0052] It is also present in AD brains, as its levels are increased in AD serum, cerebrospinal fluid, cortex, and glial cell cultures after exposure to Aβ.[@CIT0048] The effects of TNFα are both neuroprotective and neurodegenerative. The neurodegenerative aspect involves the ability of TNFα to inhibit glutamate uptake in vitro, activate microglia/astrocytes via surface receptors, and activate intracellular NFκB, thus increasing its own production and production of other proinflammatory substances.[@CIT0048]

Low levels of IL6 are present in healthy brains, but many studies have identified an increased presence in AD brains.[@CIT0053] It is also detectable 4 hours after stroke, with levels peaking after a day and remaining detectable for up to 14 days.[@CIT0052] IL6 is a particularly important cytokine in AD pathogenesis in several ways:[@CIT0048] it is a proinflammatory cytokine that leads to neuropathological changes when overexpressed in transgenic mice, causing deficits in avoidance learning, motor impairment, and seizures, and behavioral deficits; it enhances APP synthesis; and a polymorphism in part of the *IL6* gene has been linked with delayed development of AD.

Two of the five TGFβ isoforms are increased after stroke: TGFβ~1~ and TGFβ~2~.[@CIT0052] These same two isoforms are also detected in AD brains: TGFβ~1~ is increased in the cerebrospinal fluid and serum of AD cases and has also been detected in plaques, and TGFβ~2~ levels are also three times higher in AD brains than controls.[@CIT0048] Although TGFβ is well recognized as an anti-inflammatory cytokine, studies have shown that it may promote AD pathogenesis: overexpression of TGFβ~1~ resulted in accelerated vascular deposition of Aβ in mice expressing human Aβ/APP, and TGFβ~1~ increased APP expression and ApoE production.[@CIT0048]

Chemokines {#S0008}
==========

In cerebral ischemia, the chemokines MCP1, MRF1, and MIP1 are upregulated in the first 3 hours and remain high for at least 6 hours. After reperfusion, other chemokines, such as IL8, are also upregulated.[@CIT0052] These chemokines have been shown to be prominent in neuroinflammatory AD brains. MIP1β was found in activated astrocytes and MCP1 in activated microglia, with MCP1 also being localized to mature senile plaques. Furthermore, microglia from AD autopsies show increases in IL8, MCP1, and MIP1α after addition of Aβ.[@CIT0048] These chemokines may promote AD pathogenesis by promoting immune-cell recruitment, thus amplifying the neuroinflammatory response.[@CIT0048]

Free radicals {#S0009}
=============

ROS are increased after hypoxia-induced calcium overload to neurons, and hypoxic-induced neuroinflammation also provides another mechanism for ROS production.[@CIT0052] Hypoxia causes activation of the enzyme iNOS in immune cells, resulting in the formation of nitric oxide (NO). NO can then lead to vasodilation, thus increasing the blood flow in a protective mechanism against ischemia. However, NO can also lead to formation of radicals by reacting with superoxide to give peroxynitirite. In turn, peroxynitirite leads to production of nitrotyrosine-modified proteins, which have been well documented in AD.[@CIT0048]

Downstream effects of hypoxia {#S0010}
=============================

Previously, we have provided a link that hypoxia, via activation of microglia (and other immune cells) and through the formation of a neuroinflammatory response, could drive AD pathogenesis.[@CIT0039] The next question to ask is: What are the mechanisms mediating hypoxic activation of the immune cells driving neuroinflammation? Here, we highlight some of these mechanisms, with particular focus on activation of various microglial receptors due to the downstream effects of hypoxia. Activation of these receptors resulting in neuroinflammation via microglial activation has also been directly linked to AD pathology.[@CIT0038]

ATP {#S0011}
===

ATP is decreased in isolated hypoxia, due to significant metabolic changes in the HIF1, 5ʹ-AMPK and oxidative phosphorylation pathways.[@CIT0054],[@CIT0055] It is also released into the extracellular space as a result of ischemia-induced tissue injury. Since hypoxia leads to decreased levels of ATP in the cells, this extracellular ATP is unlikely to be due to ATP released from membrane-disrupted cells alone. Instead, another mechanism proposed is that the low levels of ATP released from cells brings about feed-forward ATP-induced ATP release from astrocytes. This ATP is able to bind to the purinergic receptors P2X~12~ and P2X~7~, thereby activating microglia and leading to release of proinflammatory molecules.[@CIT0056] ATP-mediated activation of microglia has been linked to AD pathology. Parvathenani et al demonstrated that ATP results in cortical neuronal death by activation of microglial P2X~7~ receptors in vitro. Furthermore, they showed that P2X~7~ receptors are upregulated in mouse models of AD on activated microglia and astrocytes surrounding APs.[@CIT0057]

HMGB1 {#S0012}
=====

HMGB1 is a protein normally localized in the nuclei of cells; however, hypoxic necrotic cell death leads to active release of this protein following 24 hours of anoxia.[@CIT0058] HMGB1 is then able to bind TLR2 and TLR4 on microglial cells, thereby activating them.[@CIT0056] Using novel object-recognition tests, Mazarati et al demonstrated that recombinant HMGB1 resulted in memory deficits in mice, an effect that was abolished in TLR4-knockout mice. The group speculated that this memory deficit, similarly seen in AD patients, was due to HMGB1-induced inflammation via TLR4 activation.[@CIT0059] As such, HMGB1 has been suggested to be a molecular target of preclinical antibody therapy to delay the onset of AD.[@CIT0060]

Glutamate {#S0013}
=========

Extracellular glutamate levels are increased in the ischemic brain, due to hypoxia-mediated suppression of glutamate-reuptake transporters found on astrocytes.[@CIT0061] In vitro experiments on rodent hippocampal neurons in tissue culture have also demonstrated that isolated hypoxia (1% oxygen incubator) increases synaptic glutamate transmission and causes neuronal degeneration.[@CIT0062] This glutamate can bind to and activate microglia via AMPA and NMDA receptors in vitro, leading to a proinflammatory response. However, glutamate binding to metabotropic glutamate receptors on microglia in vitro suppresses the microglial inflammatory response.[@CIT0063] Given the preceding, which subtypes of glutamate receptors are expressed in vivo? Although the expression of receptor subtypes has not been fully characterized, studies have shown expression of AMPA and NMDA glutamate receptors in areas of the hippocampus following ischemia.[@CIT0056] Glutamate toxicity has been linked to AD pathology by inducing excitotoxic neuronal cell death via calcium dysregulation.[@CIT0064] Toxicity may also relate to the ability of glutamate to induce neuroinflammation via microglial activation. This is supported by the finding that memantine (NMDA-receptor antagonist) improved memory and attention in Aβ~42~-injected rats, an effect that may in part be mediated by attenuated microglial activation.[@CIT0065]

Zinc {#S0014}
====

Zinc is normally found at high levels in presynaptic vesicles of certain glutamatergic axon terminals found in the forebrain, hippocampus, and cerebral cortex.[@CIT0066] During ischemia, histochemical studies have shown that levels of vesicular zinc decrease, while microdialysis analysis demonstrated that levels of extracellular zinc increase. This was thought to be mediated by hypoxia, leading to increased calcium in the axonal terminal, resulting in calcium-induced vesicular release.[@CIT0067] Zinc has been shown to activate microglia, a mechanism dependent on upregulation of NADPH oxidase, activation of PARP1, and translocation of NFκB.[@CIT0056] Zinc has been linked directly to AD pathology, as zinc buffering has given encouraging results in mediating neuroprotection in human stroke victims.[@CIT0068] Although this protection may relate to other neurotoxic mechanisms of zinc, such as direct neuronal excitotoxicity and Aβ precipitation, it may also relate to the ability of zinc to induce neuroinflammation via microglial activation.[@CIT0069]

Intermittent hypoxia {#S0014-S2001}
--------------------

We have presented hypoxia as uniformly detrimental to the brain, yet there is increasing evidence that moderate and/or intermittent hypoxia evokes protective adaptations in the CNS. In many of the cited in vitro studies, cell lines were exposed to chronic hypoxia, typically \<5% oxygen for \>24 hours. In contrast, in ischemic models of stroke, the hypoxia was more acute, lasting minutes to hours. This suggests that for isolated hypoxia, a chronic pattern provokes AD, whereas the more severe ischemia-dependent hypoxia can be more short-lived before causing neuroinflammation and dementia. This is supported by sparse studies of populations living at altitude and hence exposed to chronic hypoxia: analysis in Californian counties suggests that altitude of residence was correlated with the risk of dying of AD[@CIT0070] and neuroinflammation-dependent cognitive changes have been reported during prolonged stays at high altitude.[@CIT0071] However, ecological studies like these must be interpreted cautiously, as it is difficult reliably to control many confounding variables, such as comorbidities and air pollution.

As such, if chronic hypoxia is linked to AD, can the same be said of isolated acute hypoxia? In fact, there is growing evidence that intermittent hypoxia evokes neuroprotective adaptations in the CNS.[@CIT0072] This neuroprotection has manifested as improved cognitive function in elderly people breathing a hypoxic air mixture for 40 minutes three times a week[@CIT0073] and as reduced stroke-lesion volume in rats exposed to 7 days of 12% oxygen for 4 hours per day.[@CIT0074] Furthermore, rats exposed to intermittent hypoxia for 4 hours daily for 14 days had reduced nitrites and nitrates in the plasma induced by Aβ in experimental AD models.[@CIT0075]

However, patients with obstructive sleep apnea stop breathing repeatedly for at least 10 seconds during their sleep, also resulting in intermittent hypoxia. There is evidence of a wide range of cognitive deficits identified among untreated obstructive sleep--apnea patients, from sustained attention to working memory.[@CIT0076] As such, there is a strong association between intermittent hypoxia‐related pathological mechanisms and onset of memory and cognitive dysfunction, which may progress to AD.[@CIT0077]

These contradictory findings suggest further research is needed in this area. Discrepancies may be due to a lack of a standardized definition for intermittent hypoxia:[@CIT0072] studies have differences in the severity of hypoxic stimuli and the frequency of hypoxic episodes per day, blurring the lines between therapeutic effects and pathogenesis. Differences also arise from studies using both isolated hypoxia (exposure to low partial pressure of oxygen) and ischemia-dependent hypoxia (occluding or severing arteries). If researchers optimize the balance between efficacy and safety for intermittent hypoxia use in the CNS, it may represent a simple, safe, nonpharmacological method to protect against cognitive decline.

Conclusion {#S0015}
==========

We have provided a body of evidence to highlight key links between hypoxia and AD. Due to altered proteolytic cleavage of APP, Aβ accumulation is the initial pathological trigger of AD, as per the ACH. A key mechanism by which Aβ leads to the pathology seen in AD is by dysregulation of calcium homeostasis (in neurons and astrocytes), resulting in neuronal cell death. Aβ can also trigger activation of microglia, leading to a maladaptive neuroinflammatory response that further contributes to AD pathology. However, evidence has shown that the neuroinflammatory response in AD brains can also be triggered independently of Aβ. Therefore, neuroinflammation itself could be considered another initiating pathological trigger of AD. Hypoxia is not only able to promote Aβ formation and accumulation but independently of Aβ can also dysregulate calcium homeostasis (in both neurons and astrocytes), leading to neuronal cell death and activate microglia and result in a neuroinflammatory response ([Figure 1](#F0001){ref-type="fig"}).Figure 1A summary of the various links between hypoxia and AD (both dependent and independent of Aβ accumulation) discussed..**Note:** These links highlight hypoxia as a key risk factor for the development of sporadic cases of AD.**Abbreviations:** ATP, Adenosine triphosphate; HMGB1, High mobility group box 1; APP, Amyloid precursor protein; ADAM10, A disintegrin and metalloproteinase domain-containing protein 10; BACE1, Beta-secretase 1; PEN2, Presenilin enhancer 2; PS1, Presenilin 1; NCT, Nicastrin; APH1, Anterior pharynx-defective 1; NEP, Neprilysin; AB, Amyloid-β; NMDA, N-methyl-D-aspartate; IL1, Interleukin-1; TNF-α, Tumor necrosis factor α; IL6, Interleukin-6; TGF-B, Transforming growth factor-β; MCP-1, Monocyte chemoattractant protein-1; MIP-1, Macrophage inflammatory protein-1.

Therapy for AD is very limited, with acetylcholine esterase inhibitors (donepezil, galantamine) and NMDA-receptor antagonists (memantine) being the only medications available in the UK. These medications are beneficial in reducing the symptoms of the disease; however, they have little effect on improving disease pathology. Understanding the links between acute/chronic hypoxia and AD is important, as until more advanced therapy becomes available, preventive measures to prevent chronic cerebral hypoxia may not only help prevent the development of AD but may also benefit patients who already have this disease.
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